Abstract. We shortly review electron cloud effects in the CERN Large Hadron Collider. In particular, we discuss recent simulations showing a significant reduction of the beam induced heat load on the cold beam screen with weak satellite bunches at 5 ns from the main proton bunches. This can be an effective solution to shorten the conditioning period required to lower the secondary electron yield of the screen surface.
INTRODUCTION
The CERN Large Hadron Collider (LHC) has a design energy of 7 TeV per beam and an unprecedented design luminosity of 10 34 cm −2 s −1 . For cost optimisation it makes use of the existing injector chain and has to be accommodated in the LEP tunnel. Such design objectives are accompanied by several technological and beam dynamics challenges [1] , ranging from the 8.3 T superconducting dipole magnets operating in superfluid helium at 1.9 K to the large number of low-emittance, intense proton bunches to be injected in the two magnetic channels at 450 GeV, safely accelerated and collided at top energy. A list of LHC parameters is shown in Table 1 .
The heat load of about 1 W/m, mainly due to synchrotron radiation and to beam image currents [2] , has to be taken by a cold dipole beam screen, with a 50 µm copper coating, operated between 5 and 20 K. At this temperature the cryopumping capacity is strongly reduced and about 4% of the screen surface will be covered by pumping slots, so that the cold bore at 1.9 K can pump away the gas, while being protected from synchrotron radiation. A summary of conventional collective effects in the LHC, including parasitic losses and coherent tune shifts, mode coupling and resistive wall instability, can be found in Refs. [3, 4] , while more recent results on head-tail instability, Landau damping and octupole correctors have been presented in [5] . Coaxial wire measurements, simulations and analytic estimates of RF-penetration through thin metallic layers, such as metallized ceramic chambers for kicker magnets, are discussed in [6] and RF-screening will be the subject of a forthcoming experiment in a CERN EPA beam line. Direct space charge effects have been recently studied in [7] and found to have modest consequences on the LHC dynamic aperture and on the beam emittance (through coherent quadrupole oscillations). Finally, a review of incoherent and coherent beam-beam effects in the LHC can be found in Ref. [8] .
In the following we shortly review electron cloud effects in the LHC arcs: a fairly complete list of publications is available at the web address wwwslap.cern.ch/collective/electron-cloud/. In particular, the reduction of beam induced heat load by a dipole beam screen with ribbed surface and low reflectivity was first discussed in [9] , while beam scrubbing scenarios and the role of satellite bunches have been recently discussed in [10] . We summarise the physical mechanism on which the clearing effect of satellite bunches is based and present some recent simulation results. Satellite bunches may turn out to be an effective cure also for electron cloud effects recently observed in the CERN SPS with LHC-type of beam [12] .
MECHANISM OF THE ELECTRON CLOUD BUILD-UP
A sketch of the electron cloud build-up in the LHC is presented in Fig. 1 . The physical mechanism is the following:
• Photoelectrons created at the pipe wall are accelerated by proton bunches up to 200 eV and cross the pipe in about 5 ns, i.e. significantly less than the 25 ns bunch spacing. In the strong dipole field, only the vertical component of the beam force is effective in accelerating the electrons. Indeed they spiral along the vertical magnetic field lines with typical Larmor radii of a few µm and perform about a hundred cyclotron rotations during a bunch passage.
• Slow secondary electrons with energies below 10 eV have a time-of-flight longer than 20 ns and survive until the next bunch. When the next bunch arrives, there is a relatively uniform distribution of photoelectrons plus secondary electrons in the screen cross section: the energy gain can reach a few keV and these fast particles hit very quickly the screen walls, producing again low-energy secondary electrons.
• If the maximum secondary electron yield δ max is larger than a critical value, weakly dependent on the horizontal position along the pipe cross section, this process may lead to an electron cloud build-up (ultimately limited by space charge effects) with potential implications for beam stability and heat load on the LHC beam screen. The critical yield is around 1.3 for nominal LHC parameters.
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Electron Cloud Instability
Simulations performed in 1997 [13] assuming a maximum secondary electron yield δ max = 1.5, high reflectivity R = 1 and large photoelectron yield δ γe = 1 gave an instability rise time of 50 msec horizontally and 130 msec vertically. More recent simulations by X. Zhang with R = 10% and δ γe = 0.2 gave a slower instability with 340 msec horizontal and 170 msec vertical rise times.
According to the 1997 simulations, lowering δ max from 1.5 to 1.1 reduces the horizontal wake by less than a factor of 2. If the beam current is a factor 2 smaller than the design value, the effective horizontal wakefield increases by about 25%; the wakefield does not decrease in proportion to the beam current, because, for lower current, the high-density region of the electron cloud is closer to the beam pipe centre.
The vertical wake is instead very sensitive to the initial secondary-electron energy and may even change sign for maximum initial energies above 25 eV, when more than half of the secondaries cross the centre of the beam pipe before the arrival of the next bunch.
SIMULATION RESULTS WITH SATELLITE BUNCHES
Satellite bunches may increase the critical secondary electron yield and at the same time modify the energy distribution of the electrons hitting the pipe wall. A proper choice of satellite intensity and spacing from the forerunner nominal bunches can significantly reduce the head load on the beam screen. FIGURE 2. Critical value of the maximum secondary electron yield δ max versus the relative intensity of satellite bunches following the nominal bunches at a spacing of 2.5 ns (one LHC RF bucket) or 5 ns (two LHC RF buckets). We assume a highly reflective beam screen surface, with R ≃ 1, and a half-gaussian secondary electron energy distribution with 5 eV or 10 eV r.m.s. width.
Critical secondary electron yield
To find the critical secondary electron yield with different satellite bunch patterns, we neglect space charge effects and generate photoelectrons only for the first bunch. We observe the evolution of the number of electrons per unit length over 60 bunch passages for different values of δ max (corresponding to a primary electron energy of 300 eV). We look for the critical value below which the electron density will decrease and above which the electron density will grow exponentially.
In Fig. 2 we plot the critical value of δ max for different intensities of the satellite bunches. The legend for each curve indicates the initial energy distribution σ se of the secondary electrons and the spacing between each satellite bunch and its forerunner nominal bunch. We find that the highest critical value of δ max is about 2, for σ se = 5 eV, a spacing of 5 ns and a satellite bunch intensity of 20% of the nominal intensity. Therefore, satellite bunches with such intensity have the best clearing effect for secondary electrons. In the case of 2.5 ns spacing (one LHC RF bucket), the effect of the satellite bunch is mainly to decelerate the photoelectrons rather than clearing the secondary electrons, since most photoelectrons just pass the centre of the vacuum chamber around this time. In this case the satellite bunch reduces the energy of the hitting electrons and in turn can again increase the critical value of δ max . Fig. 3 shows the critical secondary yield for different spacings between satellite and nominal bunches. The intensity of the satellite bunch is 20% of the nominal bunch, with σ se = 5 eV. We see that the filling pattern of 5 ns bunch spacing represents the most favourable case. Critical value of the maximum secondary electron yield δ max for satellite bunches having 20% of the nominal bunch intensity and following nominal LHC bunches at various distances. We assume a highly reflective beam screen surface, with R ≃ 1, and half-gaussian secondary electron energy distribution with 5 eV r.m.s. width.
With nominal LHC bunch intensity and spacing, but with satellite bunches at a distance of 2 RF buckets, the heat load for δ max = 1.8 is 180 mW/m and the resulting scrubbing time is 36 hours, assuming that only electrons hitting the screen wall with more than 100 eV be effective for surface conditioning. As shown in Fig. 5 there is a window around 15-20% for the relative intensity of satellite bunches, where the heat load is significantly reduced; the corresponding critical value of δ max is large (above 1.8). For lower intensities of the satellite bunches, the effect of space charge repulsion is reduced and the heat load increases. For a reduced reflectivity of 2% and a photoelectron yield of 0.1, the heat load becomes only 18 mW/m and the corresponding scrubbing time increases to about 310 hours. This is only slightly shorter than the scrubbing time of 360 hours estimated by taking into account only photoelectrons.
FIGURE 5. Heat load versus relative intensity of satellite bunches, following nominal LHC bunches at 2 RF wavelengths, with (solid line) or without (dashed line) elastic electron reflection as described in Ref. [11] , with δ max = 1.6 and 10% reflectivity.
It is possible to get an independent estimate of the minimum time required for surface conditioning, without any assumption on reflectivity and photoelectron yield 
